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In this study we assessed the ability of the C4 plant maize to perform long-term
photosynthetic acclimation in an artiﬁcial light quality system previously used for analyzing
short-term and long-term acclimation responses (LTR) in C3 plants. We aimed to test
if this light system could be used as a tool for analyzing redox-regulated acclimation
processes in maize seedlings. Photosynthetic parameters obtained from maize samples
harvested in the ﬁeld were used as control. The results indicated that ﬁeld grown maize
performed a pronounced LTR with signiﬁcant differences between the top and the bottom
levels of the plant stand corresponding to the strong light gradients occurring in it. We
compared these data to results obtained from maize seedlings grown under artiﬁcial light
sources preferentially exciting either photosystem II or photosystem I. In C3 plants, this
light system induces redox signals within the photosynthetic electron transport chain
which trigger state transitions and differential phosphorylation of LHCII (light harvesting
complexes of photosystem II). The LTR to these redox signals induces changes in the
accumulation of plastid psaA transcripts, in chlorophyll (Chl) ﬂuorescence values F s/Fm,
in Chl a/b ratios and in transient starch accumulation in C3 plants. Maize seedlings grown
in this light system exhibited a pronounced ability to perform both short-term and long-
term acclimation at the level of psaA transcripts, Chl ﬂuorescence values F s/Fm and
Chl a/b ratios. Interestingly, maize seedlings did not exhibit redox-controlled variations of
starch accumulation probably because of its speciﬁc differences in energy metabolism. In
summary, the artiﬁcial laboratory light system was found to be well-suited to mimic ﬁeld
light conditions and provides a physiological tool for studying the molecular regulation of
the LTR of maize in more detail.
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INTRODUCTION
Plants need to cope with natural variations in illumination and
temperature during their vegetation period. The major pro-
cess affected by both parameters is photosynthesis, which is
both light- and temperature-sensitive due to the tight coupling
between light and dark reaction (Hüner et al., 1998; Blanken-
ship, 2002). Photosynthesis, therefore, represents an attractive
target for biotechnological improvements in order to promote
growth and yield of crop plants (Long et al., 2006; Zhu et al.,
2010).
Natural illumination of plants is highly ﬂuctuating in inten-
sity and quality mainly because of seasonal and daily periodicity
and of short-term disturbances caused from, e.g., clouding or
leaf movement. Beside these abiotic inﬂuences plants themselves
create strong light gradients especially within dense plant popula-
tions where leaves of neighboring plants shade each other and
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compete for light. This competition for light results in strong
decreases in light intensity and a relative enrichment in far-red
wavelengths within the canopy (Terashima et al., 2005). The latter
effect is sensed by photoreceptors which control photomorpho-
genesis or shade avoidance responses (Ballare, 1999; Smith, 2000).
The enrichment in far-red light wavelengths has an additional
strong impact on photosynthesis since it can be partly used by pho-
tosystem I (PSI) but not or less effectively by photosystem II (PSII)
causing imbalanced distribution of excitation energy between
the photosystems. During evolution plants developed a number
of responses which optimize light utilization under these vari-
able conditions (Aro and Andersson, 2001; Blankenship, 2002).
Developmental responses at the whole-plant or leaf level include
variation of photosynthetic capacity by modiﬁcation of leaf thick-
ness (e.g., sun and shade leaves) which take place within weeks
and months. They act in concert with more dynamic molecular
acclimation mechanisms at the chloroplast level which work
within the range of minutes to several hours. These physiologi-
cal responses are fully reversible. In the short-term functionality
of the photosystem antennae is adjusted by important regulatory
processes such as non-photochemical quenching for pH depen-
dent dissipation of excess excitation energy under high light as
well as state transitions – a posttranslational modiﬁcation, which
counteracts imbalanced excitation of the photosystems under low
light. In the long-term, changes in gene expression control an
adjustment of photosystem stoichiometry which work in the same
functional direction as state transitions, but create a longer lasting
effect (Melis, 1991; Anderson et al., 1995; Allen and Pfannschmidt,
2000; Haldrup et al., 2001; Allen, 2003; Holt et al., 2004; Pons
and de Jong-Van Berkel, 2004; Kanervo et al., 2005; Walters, 2005;
Eberhard et al.,2008;Horton et al.,2008; Kargul andBarber,2008).
These different responses generate a hierarchical frameworkwhich
countervails the high variability in illumination and optimize pho-
tosynthetic electron transport (Frenkel et al., 2007; Dietzel et al.,
2008). Therefore, it was proposed that manipulation of photosyn-
thetic acclimation might help to improve photosynthesis (Horton
et al., 2001; Murchie et al., 2009). In general, photosynthetic accli-
mation appears to be a chloroplast-autonomous regulation being
independent of photoreceptors (Walters et al., 1999; Fey et al.,
2005a); however, because of the numerous interactions in the
plant cellular signaling network indirect photoreceptor and hor-
mone inﬂuences must be also taken into account (Boonman et al.,
2007, 2009).
Photosystem stoichiometry adjustment could be found in
shade- and sun- as well as in mono- and dicot plants (Chow
et al., 1988, 1990a; Pfannschmidt et al., 1999a; Fan et al., 2007)
and appears to be an ubiquitous acclimation response in photo-
synthetic organisms (Melis, 1991; Allen and Pfannschmidt, 2000).
Recent studies with the model organism Arabidopsis thaliana
have revealed that the thylakoid-associated kinase STN7 is a
key regulator of this long-term response (LTR; Bonardi et al.,
2005; Pesaresi et al., 2009). Using knock out mutants as neg-
ative control it could be demonstrated that state transitions
and LTR provide a physiological advantage under permanently
changing conditions resulting in enhanced growth and seed pro-
duction (Bellaﬁore et al., 2005; Frenkel et al., 2007; Wagner et al.,
2008). Furthermore, systems biology approaches revealed that
photosynthetic acclimation responses not only reconﬁgure the
photosynthetic apparatus to the instantaneous light environment
but also trigger a metabolic reprogramming which coordinates
the energetic demands with the light harvesting efﬁciencies of the
plant (Bräutigam et al., 2009; Frenkel et al., 2009). The studies
demonstrated that starch accumulation inArabidopsis signiﬁcantly
differs between different light quality acclimation states and, thus,
represents a well-suited reporter for the metabolic reprogram-
ming that ﬁnally controls plant growth efﬁciency (Bräutigam et al.,
2009).
Maize is one of the world’s most important ﬁeld crops and
improvement of its photosynthetic yield would be of great interest
(Zhu et al., 2010). Maize ﬁelds generate tall and dense plant stands
during its vegetation period, which contains strong light gradients
and, hence, a high degree of photosynthetic acclimation should
be expected. Recent observations demonstrated that maize exhibit
a high ability for photosynthetic acclimation when grown under
different white light (WL) intensities in growth chambers. Varia-
tions in antenna structures and LHC protein accumulation were
found both in mesophyll and bundle sheath chloroplasts (Drozak
and Romanowska, 2006).
Here, we analyzed the degree of photosynthetic acclimation in
maize grown under low-intensity artiﬁcial light qualities, which
preferentially excite either PSI or PSII. This test system was
successfully used previously for understanding redox-controlled
photosynthetic acclimation in C3 plants like mustard, tobacco
and Arabidopsis (Pfannschmidt et al., 1999a,b, 2001; Fey et al.,
2005b; Wagner et al., 2008). Light quality acclimation to artiﬁcial
light quality gradients could be demonstrated to be efﬁcient and
beneﬁcial in various C3 species (Chow et al., 1990b; Hogewon-
ing et al., 2012). In order to test the corresponding response
of the C4 plant we determined chlorophyll (Chl) a ﬂuores-
cence, Chl a/b ratios, transcript accumulation of plastid gene
psaA (encoding the core protein of PSI), phosphorylation state
of light harvesting complexes of PSII (LHCII) and the ability
to perform state transitions. The detected acclimation ability
was compared to that of samples harvested from maize plants
grown under natural conditions. Our study indicates a high
ability of maize to acclimate to light quality gradients in low-
intensity light conditions in a lab based system providing a tool
for analyzing the potential of the maize LTR for biotechnology
applications.
RESULTS
LIGHT GRADIENTS AND PHOTOSYNTHETIC ACCLIMATION OF MAIZE
UNDER FIELD CONDITIONS
Light intensity within plant populations decreases as a function
of the leaf area index (LAI) while at the same time an enrich-
ment of far-red wavelengths occurs (Smith, 2000; Hirose, 2005).
We wanted to test if we could use a laboratory light set-up to
study acclimation responses of maize seedlings to natural light
gradients. In order to have a reference we analyzed the course
of light gradients in a maize ﬁeld trail by determination of light
intensity and spectrum at different heights (Figure 1) of full-
grown maize plants. 80% of the light was absorbed within the
top 10–20% of the ﬁeld, all lower parts obtained low light inten-
sities with a strong enrichment in the far-red range (Table 1).
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FIGURE 1 | Natural illumination conditions within the maize
field used for sampling. Left picture displays the plant stand
used for measurements. Light intensities determined at indicated
heights within the stand are given in the middle panel. Corresponding
light spectra (indicated by the same color) at the respective position are
shown on the right. Open: intensity and spectrum of full sunlight
outside the ﬁeld. PAR: photosynthetic active radiation. FR: far-red
region.
Thus, even under sunny conditions the majority of the leaves
in the ﬁeld perceived only a sub-saturating photosynthetic active
radiation (PAR) with a three- to four-times higher proportion
of far-red light. To analyze effects on the photosynthetic perfor-
mance of the plants we harvested plant leaf samples from the
top, the middle and the bottom region of the stand. To include
possible effects of the leaf blade position and the developmental
gradient in chloroplast biogenesis we studied three segments of
the leaves (basal, middle, and top segment; Figure 2A). In order
to study the potential light acclimation we probed the Chl a/b
ratio as indicator for changes in the amount of LHCII and the
Chl ﬂuorescence value Fs/Fm as physiological marker for the LTR,
This value represents the fraction of light which is absorbed by
the PSII antenna and subsequently lost by constitutive dissipation
via ﬂuorescence and heat emission in the steady state. Photo-
system stoichiometry adjustment creates signiﬁcant changes in
this parameter (Pfannschmidt et al., 2001). The Chl a/b ratio was
found to be signiﬁcantly higher in level 1 than in level 2 and 3
(Figure 2B) while the measured Fs/Fm values were lower in level
1 and increased step-wise toward level 2 and 3 (Figure 2C) with
a signiﬁcant difference in section 2 of level 1 and 3. Effects of
the leaf gradient were hardly detectable with the exception of seg-
ment 1 in level 2 which displayed a slightly more pronounced
increase in the Fs/Fm values than segments 2 and 3. The starch
content was found to be relatively stable at the different levels of
sampling (Figure 2D) with a weak tendency to increase toward
the bottom level which, however, was only signiﬁcant in segment
2 of level 3. In summary, the measured parameters Fs/Fm and
Chl a/b demonstrated typical changes between top and bottom
level being indicative for a functional LTR in maize under ﬁeld
conditions.
PHOTOSYNTHETIC ACCLIMATION OF MAIZE SEEDLINGS TO LIGHT
QUALITY GRADIENTS
Recently, we described the physiological and molecular accli-
mation of the dicotyledonous C3 plants A. thaliana, Nicotiana
tabacum, and Sinapis alba grown in a light system which prefer-
entially excites either PSI or PSII (Pfannschmidt et al., 2001; Fey
et al., 2005b; Wagner et al., 2008; Steiner et al., 2009). Here, we
used the same set-up to analyze photosynthetic acclimation in
the monocotyledonous C4 plant Zea mays. Seedlings were grown
under WL as control and under PSI- or PSII-light (PSI, PSII) in
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Table 1 | Ratio of short and long wavelengths in the different field
stories.
Position in field R/FR
Outside 1.413± 0.002
2.5 m 1.351± 0.012
2.2 m 0.483± 0.068
1.5 m 0.561± 0.147
0.2 m 0.400± 0.070
The ratio has been calculated from integration of the values measured in the wave-
length ranges 655–665 (R: red) and 725–735 (FR: far-red) nm. Results represent
means of three measurements, standard deviation is given.
order to test their ability to perform a LTR. Additional controls
were shifted between the PSI- and PSII-lights (PSI-II; PSII-I) to
test the reversibility of the response, an important criterion to
distinguish between acclimation and development. The general
appearance of the plants grown under the different light regimes
did not reveal major morphological differences which is consistent
with earlier observations in C3 plants (Figure 3A). For detection
of a LTR the second true leaves of 10-day-old plants were used for
measuring the Fs/Fm parameter by video imaging (Figure 3A). In
this experimental set-up PSI-light acclimated plants absorb more
light than they can use and dissipate the excess as ﬂuorescence
which usually is signiﬁcantly higher in the steady-state than that
from PSII-light acclimated plants. A deﬁciency in performing a
LTR, however, is indicated by a loss of signiﬁcant changes in Fs/Fm
as observed in the stn7 mutant ofArabidopsis (Bonardi et al., 2005).
WL plants exhibited a low Fs/Fm value while PSI plants displayed a
high one. After a shift from PSI-light to PSII-light the Fs/Fm value
in the seedlings declined. In PSII-plants it was low and increased
after a shift of the plants to PSI-light. This result is consistent
with earlier measurements of Fs/Fm values in C3 plants indicat-
ing that maize seedlings are able to perform a LTR in the same
manner.
2D images of the Chl ﬂuorescence revealed some variations in
the ﬂuorescence values between different areas of the leaf blade
(Figure 3A) which could be caused by the characteristic develop-
mental gradient of the plastids in young monocotyledonous leaves
which is more pronounced than in fully developed leaves as inves-
tigated in Figure 2. To examine this in more detail leaf blades
were dissected into three segments containing young plastid from
the leaf base (segment 3), middle aged plastids (segment 2), and
mature plastids from the leaf tip (segment 1; Figure 3B). The
Fs/Fm values were determined 6 h and 4 days after either a PSI-II
or a PSII-I light shift (Figure 4A) in comparison to the respective
controls. 6 h after a light shift only segment 1 revealed signiﬁcant
changes in Fs/Fm values. Segment 2 and 3 exhibited very weak
Chl ﬂuorescence without any recognizable differences between the
growth light regimes. Four days after the light shift the Chl ﬂu-
orescence in general was increased indicating the progress in the
build-upof thephotosyntheticmachineryduring the time rangeof
observation. However, again segment 1 was the only segment dis-
playing signiﬁcant Fs/Fm ﬂuorescence changes characteristically
for a LTR.
FIGURE 2 | Analysis of field grown maize. (A) Left panel displays height
of leaf harvesting. Magniﬁcation on right deﬁnes the analyzed sections of
the respective leaves. Three to ﬁve leaves of each level were harvested
from different individuals distributed randomly over the ﬁeld. (B) Chl a/b
ratio, (C) Chl ﬂuorescence, and (D) starch contents in ﬁeld grown maize.
Story of harvest is given on the left, respective leaf segment analyzed on
top. Acclimation parameters Chl a/b and F s/Fm were determined as
described in Section “Materials and Methods.” Starch content is given
relative to the fresh weight (fw). Data represent means from at least three
independent biological replicates, standard deviation is given. A Student’s
t -test was performed to test signiﬁcance of differences (*P < 0.05,
**P < 0.01, ***P < 0.005).
In the same experiments we analyzed the Chl a/b ratios of the
respective samples (Figure 4B) which represents a second reporter
for the LTR. After 6 h of acclimation it was found to be stable and
comparable to the controls. After 4 days, however, the Chl a/b
ratio of the PSI-II plants was signiﬁcantly higher than that of PSI
plants resembling that of PSII and WL plants. In contrast, PSII-I
plants exhibited the opposite behavior with a lower Chl a/b ratio
as in PSI plants. This pattern was found in all three segments ana-
lyzed indicating that even the younger leaf segments had begun
to acclimate to the light condition although the Chl ﬂuorescence
measurements yet did not indicate this. A more detailed time
course experiment indicated that the changes in Chl a/b ratios
were largely ﬁnished after 2 days of acclimation (Figure A1 in
Appendix) which is similar to the dynamics observed earlier in
Arabidopsis (Wagner et al., 2008).
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FIGURE 3 | Chl fluorescence of maize seedlings acclimated in
long-term to different artificial light regimes affecting the redox state
of photosynthetic electron transport.The growth light regime is
indicated next to each leaf. (A) Left: appearance of leaves of differently
acclimated plants under white light. Right: F s/Fm values of the same
leaves as detected by a CCD camera for Chl ﬂuorescence detection given
in false colors. Color bar on the right indicates the measured values. First
and second true leaves were used for all analyses, the ﬁgures display
representative samples. (B) Leaf sections used for more detailed analyses
(compare Figures 4 and 5) were selected according to the ﬁeld sampling.
FIGURE 4 | Chl fluorescence and Chl a/b ratios in defined segments of
maize seedlings acclimated in long-term to different artificial light
qualities. Growth light conditions are given below the charts. Plants under
PSI-light were shifted to PSII-light and vice versa and harvested 6 h of
4 days after the shift (indicated in the left margin) and compared to
non-shifted controls. (A) F s/Fm and (B) Chl a/b were determined from the
same segments (indicated on top, compare Figure 3). Data represent at
least three independent biological replicates, standard deviation is given. A
Student’s t -test was performed to test signiﬁcance of differences
(*P < 0.05, **P < 0.01).
REDOX-CONTROLLED MOLECULAR PROCESSES IN PHOTOSYNTHETIC
ACCLIMATION
Shifts between the PSI- and PSII-lights (and vice versa) induce
reduction or oxidation of the plastoquinone pool (Wagner et al.,
2008), respectively, which serves as a sensor for the balanced
FIGURE 5 | Redox-controlled processes in photosynthetic acclimation
of maize seedlings. (A) Artiﬁcial growth lights were used as actinic light
sources in state transition experiments to indicate the short-term redox
effects on linear electron transport. Chl ﬂuorescence given in arbitrary units
was recorded using a PAM ﬂuorometer. Measurements were done three
times with leaves from three different biological samples. A typical trace is
shown. On–off switches of the lights are given below the trace.
Nomenclature of ﬂuorescence parameters follows established conventions
(see Materials and Methods). (B) Plastid protein extracts of maize
seedlings grown under the different long-term light quality regimes as
indicated in Section “Material and Methods” (indicated on bottom,
compare Figures 3 and 4) were used to analyze the phosphorylation state
of LHCII using a anti-phosphothreonine antibody. As loading control a
corresponding experiment with the same membrane targeted to the small
subunit of RubisCO (RbcS) is shown. (C) RNA isolates from the same
samples isolated in parallel were used to determine the accumulation of
psaA transcripts by northern analysis. As loading control a hybridization of
the same membrane with a probe directed against the 18S rRNA is shown.
action of the two photosystems. In C3 plants, it controls the
transcriptional regulation of the plastid gene psaA, targets the
phosphorylation of the LHCII and the performance of state tran-
sitions. We tested all three processes in segment 1 of the leaf blades
(Figure 5).
To demonstrate the effect of light sources on the redox state
of the electron transport chain we used actinic lights in standard
state transitions measurements (Haldrup et al., 2001). Chl ﬂuo-
rescence was detected using a pulse amplitude modulation (PAM)
ﬂuorometer (Figure 5A). The Chl ﬂuorescence traces displayed
changes characteristic for state transitions as observed earlier in
C3 plants, i.e., a slow transient rise after a sudden drop when the
far-red light was switched on and a more rapid transient decrease
after a sharp rise when it was switched off again. These ﬂuores-
cence transients are caused by the lateral migration of the LHCII
between PSII and PSI and indicate that the time range necessary
for state transitions in maize corresponded to that observed in
Arabidopsis (Wagner et al., 2008).
www.frontiersin.org September 2013 | Volume 4 | Article 334 | 5
“fpls-04-00334” — 2013/9/10 — 22:27 — page 6 — #6
Hirth et al. Redox control of maize acclimation
Western analyses of thylakoidmembrane phosphorylation state
using an anti-phosphothreonine antibody (Figure 5B) indicated
a strong phosphorylation of the LHCII proteins under PSII- and
PSI-II light conditions while only weak phosphorylation signals
could be detected in samples obtained from PSI- and PSII-I plants.
This observation is consistent with the Chl ﬂuorescence mea-
surements and indicates the activity of a redox-sensitive kinase
catalyzing state transitions via LHCII phosphorylation.
Northern analyses of total RNA preparations indicated a psaA
transcript pool in PSI-light adapted plants which increased after a
shift intoPSII-light (Figure 5C). A similar transcript accumulation
was observable in PSII-light grown plants and a down-regulation
of psaA transcript amounts became apparent after a shift to PSI-
light (Figure 5C).
In total all three parameters clearly demonstrated that redox-
controlled acclimation responses occur in maize and that the
seedlings perform a proper LTR at least in segment 1 under the
artiﬁcial light quality regimes.
Recently, it could be demonstrated that the LTR includes tar-
geted changes in the metabolic state of Arabidopsis and that this
is reﬂected by a characteristic increase in the starch content of the
leaves underPSII andPSI-II lightswhen compared toPSI andPSII-
I conditions. The stn7 mutant was unable to perform this increase
indicating that it is an redox-controlled process (Bräutigam et al.,
2009). To test whether this regulation is also present in maize,
seedlings were grown under the four light regimes and starch
accumulation was determined in each segment (Figure 6). In con-
trast to Arabidopsis we could not observe any distinct pattern of
starch accumulation in response to the light quality indicating that
this regulation does not work in maize although the photosyn-
thetic acclimation processes appeared to be fully functional. This
result is consistent with the ﬁndings in plants collected from the
ﬁeld.
REDOX-DEPENDENT PHOSPHORYLATION OF LHCII IN MAIZE GROWN
IN THE FIELD OR UNDER VARIOUS LABORATORY CONDITIONS
In order to obtain a direct comparison of acclimation abilities
of maize under ﬁeld and laboratory conditions we determined
the phosphorylation state of the LHCII using immunoblotting
analyses with antibodies directed against phosphothreonine. We
harvested leaf material in the ﬁeld corresponding to the levels
1–3 (compare Figure 2) and isolated total leaf protein extracts.
20 μg protein were separated by SDS gel electrophoresis and
subjected to immunoblot analysis (Figure 7). In parallel, we
separated the same amounts of protein extracts isolated from
2 months old maize plants grown in growth chambers where
they experienced mainly a light intensity gradient due to ver-
tical growth without neighboring plants. In addition, we grew
maize seedlings for 10 days directly under two different WL inten-
sities (170 and 35 μE) as well as in our light quality regime. For
the latter Arabidopsis plants grown in parallel were used as con-
trol. Redox-mediated LHCII phosphorylation induced by growth
under PSII- and PSI-lights appeared to be comparable for Ara-
bidopsis and maize seedlings (Figure 7, lanes 1, 2 and 12, 13)
and resulted in a strong phosphorylation of LHCII under PSII-
light and a weak phosphorylation under PSI-light, respectively.
This result is in accordance with our earlier observations (Wagner
FIGURE 6 | Starch accumulation in segments of maize seedlings
grown in long-term under the different light quality regimes. Starch per
fresh weight (FW) was determined from the three leaf segments (indicated
on the right) as described before. Growth light regimes of the respective
plant samples are indicated at the bottom of each panel. All determinations
were done in triplicate, standard deviations are given.
et al., 2008, Figure 5). Field grown maize exhibited a phosphoryla-
tion state of LHCII at levels 2 and 3 (lanes 5, 6) being comparable
to that of the PSI-light control (lane 13) while that of level 1
(lane 4) was clearly reduced. The latter observation corresponds
to reports demonstrating that the LHCII kinase is inhibited at
high light intensities by a thiol-dependent repression mechanism
(Rintamaki et al., 2000). Interestingly, the phosphorylation signal
occurring above the LHCII remained stable under all conditions.
Because of size and regulation behavior of this band under lab
conditions it is likely the D1 protein which requires experimen-
tal proof in the future. If this assumption is correct then the
stable phosphorylation contrasts results from laboratory exper-
iments with Arabidopsis which suggest that D1 phosphorylation
is affected by light intensity (Tikkanen et al., 2008; compare also
lanes 7–9) pointing to potential additional control mechanisms in
ﬁeld grown maize besides light-dependent redox control. Maize
from growth chambers not subjected to dense planting displayed
a regular increase in LHCII phosphorylation from the top level
to the bottom (lanes 7–9) which can be easily explained by the
light-intensity dependent repression of the kinases. The additional
experiment with the 10-day-old maize seedlings grown under 170
and 35 μE WL (lanes 10 and 11) displaying high phosphorylation
states under both conditions indicates that a signiﬁcant high light
repression of LHCII phosphorylation in maize likely starts beyond
the 330 μE light intensity point (Lane 8). This is much higher as
the corresponding point in Arabidopsis (about 150 μE, compare
Bonardi et al., 2005), probably sincemaize is genotypically adapted
to much higher light intensities for growth than Arabidopsis. In
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FIGURE 7 | Redox-dependent phosphorylation of LHCII in maize grown
under field conditions or various laboratory conditions. Protein extracts
of differentially grown plants were separated on a denaturing 10%
SDS-PAGE, blotted to a PVDF membrane and subjected to an immunoblot
analysis using an anti-phosphothreonine antibody (top panel). Signals were
visualized by enhanced chemiluminescence. 20 μg total protein were
loaded per lane. A parallel control gel was loaded with the same protein
amounts from the same samples and subjected to Coomassie staining as
loading control (bottom panel). Lanes 1 and 2: extracts of 10-day-old
Arabidopsis seedlings grown under artiﬁcial PSII- and PSI-light serving as
control. Lane 3: size marker. Lanes 4–6: Leaf protein extracts of 4 months
old ﬁeld grown maize (L1–L3 correspond to the respective height levels
given in Figures 1 and 2). Lanes 7–9: leaf protein extracts of 2 months old
maize plants grown in a growth chamber (GC) equipped with mercury vapor
white light sources. Light intensity at the height of leaf harvest is given in
μmol photons per m2 and s. Lanes 10 and 11: leaf protein extracts from
10-day-old maize plants grown in growth cabinets equipped with cool white
light ﬂuorescent stripe lamps (light intensity is given in μmol photons per
m2 and s). Lanes 12 and 13: leaf protein extracts of 10-day-old maize plants
grown under the same PSII- and PSI-light conditions as given for extracts
from Arabidopsis seedlings presented in lanes 1 and 2. All plants used for
experiments given in lanes 7–13 were grown in the same growth chamber
being subjected to 60% relative humidity and 18–21◦C.
summary, we conclude that the principal LHCII phosphorylation
events occurring in the ﬁeld can be mimicked by our artiﬁcial
light quality system. Phosphorylation of the putative D1 pro-
tein, however, appears to be potentially under a more complex
control including additional inﬂuences besides the light environ-
ment and requires more complex physiological set-ups in order to
study it.
DISCUSSION
Maize is one of the major crops in worldwide agriculture and,
therefore, its ability to respond and acclimate to changing envi-
ronmental conditions is of great interest, especially with regard to
rising CO2 concentrations in the atmosphere (Prins et al., 2007).
Recent analyses have demonstrated that the acclimation to CO2 is
closely related to the water status and the developmental stage of
the leaf investigated reﬂecting the multiple effects on photosyn-
thesis (Prins et al., 2011). The efﬁciency of CO2 ﬁxation, however,
also largely depends on the energy provided by the light reaction
which might create a limiting factor since it is well-known that
maize ﬁelds possess a very high LAI. Our measurements of the
light gradients within such a ﬁeld conﬁrm this and demonstrate
that in a fully grown maize ﬁeld approximately 70–80% of the
biomass can perform photosynthesis only in a very sub-optimal
way since the useful light wavelengths as driving force for the light
reaction are very limited. This occurs even under optimal sun light
conditions suggesting that there is a high potential for improve-
ment of light usage efﬁciency in the same way as discussed for rice
(Horton et al., 2001).
Recently, molecular studies investigated the molecular changes
of the photosynthetic apparatus in maize in response toWL inten-
sity gradients (Romanowska and Drozak, 2006; Romanowska
et al., 2008). In the present study we focused on potential
changes in photosynthetic functions in maize caused by long-
term variations of incident light quality using artiﬁcial light
sources exciting preferentially PSI or PSII. A similar approach
has been performed earlier, however, with the main focus on
the effectiveness of the phytochrome system (Eskins et al., 1986).
A recent study explains photosynthetic acclimation to canopy
density of tobacco and Arabidopsis as an interplay of photore-
ceptors and cytokinins, but the results also suggest a possible
existence of alternative signaling pathways (Boonman et al., 2009).
Our physiological set-up was originally established to analyze
processes controlled by redox signals from photosynthetic elec-
tron transport in C3 plants. Our experiments presented here
demonstrate that the system is able to induce a prominent short-
term response also in the maize seedlings. Redox-controlled state
transitions as measured by Chl ﬂuorescence and corresponding
changes in LHCII phosphorylation (Figure 5) were observable in
a comparable way as reported earlier (Andrews et al., 1993). In
addition, we could detect a pronounced LTR with correspond-
ing changes in psaA transcript accumulation (Figure 5C) and
characteristic changes in Fs/Fm and Chl a/b values (Figure 4).
The LTR, however, was fully observable only in the top leaf
segment of the maize seedlings indicating a developmental depen-
dency of the LTR on the gradient of chloroplast biogenesis at
least under the conditions of the present study (Figure 4). In
contrast, in mature leaves of ﬁeld grown plants the LTR as
reported by respective changes of Fs/Fm and Chl a/b was readily
detectable in all segments (Figure 2) supporting this conclu-
sion. Our light measurements in the ﬁeld conﬁrm earlier results
demonstrating that in dense plant population strong light quality
gradients exist which are present even under sunny conditions
(Figure 1). It can be concluded that ﬂuctuations of illumina-
tion from outside are dampened in their absolute values by the
top layers of the ﬁeld and that within the ﬁeld canopy the light
environment is a rather stable low-intensity, far-red enriched
light condition. Thus, leaves in the top level mainly require to
perform high light acclimation using mechanisms such as non-
photochemical quenching (NPQ). In contrast, for the largest
portion of the biomass in the ﬁeld a long-term acclimation to
the non-saturating low light conditions appears to be more desir-
able. We could observe a distinct difference between the Fs/Fm
and Chl a/b values for the top storey of the ﬁeld when com-
pared to middle or bottom storey indicating an adjustment of
the photosynthetic apparatus to the respective illumination con-
ditions (Figure 2). Leaf autonomous regulation of photosynthetic
acclimation via redox signals from photosynthesis would provide
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an efﬁcient and simple regulation principle allowing the individ-
ual plants to adapt to the strong gradient in light intensity on
one hand and the parallel light quality gradient on the other.
Thus, our physiological light system and the reporter for the
LTR provide a useful test system not only for redox-controlled
processes, but also for mimicking ﬁeld conditions in dense
canopies.
In Arabidopsis we observed a concomitant variation of the
starch amount during the LTR which was reported to be a reporter
for the metabolic changes occurring in the background of the
light acclimation response (Bräutigam et al., 2009). Interestingly,
this was not observable in maize, neither in the seedlings nor
in the mature plants. In Arabidopsis, it was shown that starch
synthesis is dependent on redox regulation of the entry enzyme
ADP-glucose-pyrophosphorylase (AGPase) via the thioredoxin-
like NtrC (Michalska et al., 2009). It is not clear yet whether the
changes in starch accumulation during the LTR are also mediated
by NtrC, however, it is a likely candidate. In maize obviously the
regulatory link between LTR and starch accumulation has been
uncoupled. A possible explanation would be the C4 syndrome
of maize, since in C4 metabolism starch is mainly produced in
the bundle sheath cells which do not contribute signiﬁcantly to
overall linear electron transport, thus lacking the basic require-
ment for photosynthetic redox signaling. However, it could be
shown that even the agranal chloroplasts of the bundle sheath
cells of maize contain a certain amount of PSII providing at least
a limited capacity for redox signaling (Romanowska et al., 2008).
BLAST searches done with the NtrC protein sequence of Ara-
bidopsis identify an ortholog in maize with 92% positive amino
acids strongly suggesting the existence of this key redox regula-
tor in maize. Interestingly, starch accumulation in bottom leaves
of the ﬁeld grown plants is comparable or even slightly higher
than in the top level leaves. Thus, starch accumulation appears
to be uncoupled from the major site of primary photosynthesis
implying a number of questions concerning the source–sink rela-
tionships in this plant which are an interesting topic for future
work.
Regarding the high proportion of the ﬁeld biomass perform-
ing a LTR the question arises for the beneﬁcial effects of this
acclimation response. In Arabidopsis, a clear negative impact on
rosette growth and seed production could be demonstrated when
the LTR is lacking (Wagner et al., 2008; Bräutigam et al., 2009).
A recent study analyzed in detail the wavelengths dependency
of photosynthetic quantum yield indicating signiﬁcant positive
effects for plants when performing a corresponding acclimation
response (Hogewoning et al., 2012). Comparable experiments in
maize require the isolation of corresponding LTR mutants which
are currently under way. In addition, further ﬁeld experiments
are required to understand temporal and spatial occurrence of the
LTR during the development of the plant stand. Young and small
maize seedlings in the ﬁeld perceivemuchmore high light per total
leaf area than the older plants which need to compete for light.
Thus, the requirement for a LTR in the lower parts of the plants
increases with the development of the plant stand. Understanding
the molecular regulation of these processes will help to assess the
potential of yield improvement in crop ﬁeld via engineering of
photosynthetic acclimation responses.
MATERIALS AND METHODS
FIELD GROWN PLANT MATERIAL
For ﬁeld analyses we characterized a plot in the middle of a fully
grown maize ﬁeld near Jena on the 9th of September 2009 at a time
point when development of the corncobs has not yet started. The
density of plants within the ﬁeld was between 16 and 20 plants/m2.
Light conditions in themaize ﬁeldweremeasured at different indi-
catedheights at noonunder sunny anddry conditions and 22◦Cair
temperature. Light intensity of PAR was determined with a Licor
LI-250 (Heinz Walz GmbH, Effeltrich, Germany). Light spectra
were determined with a spectroradiometer GER 1.500 (Geophys-
ical and Environmental Research Corp., Millbrook, NY, USA).
Reference data were obtained outside the ﬁeld in a plant free
area nearby which was also free of reﬂecting light from the ﬁelds
around. Based on these measurements leaves were harvested at
three different heights with characteristic light conditions. Only
healthy, green leaves without any sign of beginning senescence or
pathogen attack were chosen. Leaves were put in a light-proof box
on ice and transported immediately to the lab. Chl ﬂuorescence
measurements were started within 30 min after harvest and after
acclimation to room temperature. Material for Chl and starch
determination was frozen in liquid nitrogen and kept at −80◦C
until further use.
PLANT MATERIAL GROWN IN CLIMATE CHAMBERS
For analysis of young maize seedlings Z. mays (L.) var seeds were
sown in pots on soil/vermiculite (4:1) and grown in growth cham-
bers at 25◦C, 80% humidity and a 16 h light/8 h dark cycle.
Illumination was ∼30 μmol photons/m2s provided by cool white
ﬂuorescence lamps. Seedlings were grown for 3–4 days until the
ﬁrst leaf had developed. Then pots were shifted for further 3 days
to light cabinets equipped with light sources preferentially excit-
ing PSI or PSII (PSI- or PSII-light, respectively). The spectral
composition of the light sources have been described in detail
earlier (Wagner et al., 2008). Both light sources (PSI- and PSII-
light) had an comparable PAR of 20–30 μmol photons/m2s which
was found to be sufﬁcient to sustain photoautotrophic growth.
After this pre-acclimation one half of the plants were shifted
from PSII- to PSI-light (PSII-I plants) and from PSI- to PSII-
light (PSI-II plants) while the other half remained in the light
cabinets (PSI and PSII plants). Plants were then re-acclimated
for further 4 days before they were harvested for analyses. In
time course experiments samples were taken 6, 24, 48, and 96 h
after the light shift. Maize plants grown under high WL con-
ditions or for prolonged growth under WL were subjected to
illumination from mercury vapor WL sources in the same growth
chambers as the PSI- and PSII-light sources. Light intensities
as indicated in the ﬁgures were obtained by adjusting the dis-
tance of the plants to the light sources placed on top of them.
The respective PAR intensity was detected using the Licor LI-250
(see above).
CHLOROPHYLL FLUORESCENCE MEASUREMENTS
In vivo Chl a ﬂuorescence parameters were determined by video
imaging under room temperature using a pulse amplitude-
modulated FluorCam 700 MF device (Photon Systems Instru-
ments, Brno, Czech Republic). Fs/Fm and Fv/Fm of plants
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acclimated to different light qualities were determined as described
earlier (Wagner et al., 2008). We also compared basic photosyn-
thetic parameters such as Fv/Fm detected by the Fluorcam with
that of a PAM2000 (Heinz Walz GmbH, Effeltrich, Germany) and
found the saturation ﬂash of approximately 2000 μE sufﬁcient to
close all PSII centers for determination of Fm. State transitions
were determined as described earlier (Lunde et al., 2000; Damk-
jaer et al., 2009) with intact single plant leaves using a PAM-101
ﬂuorometer equipped with a PDA100 for digital data recording
(WALZ, Effeltrich, Germany). PSII- and PSI-favoring light was
provided by the growth light sources as described (Wagner et al.,
2008). Saturation pulses were given for 800 ms by a Schott KL-
1500 lamp at 5000 μmol photons/m2s. One representative of three
replicates is shown.
CHLOROPHYLL AND STARCH DETERMINATION
Plantmaterialwas ground in liquidnitrogen in amortar. For deter-
mination of Chl concentration the pigments were extracted with
80% buffered acetone. Chl a and b concentrations were then spec-
troscopically determined according to Porra et al. (1989). Starch
was determined using a standard colorimetric method (Magel,
1991) and the absorption coefﬁcients described byAppenroth et al.
(2010).
NORTHERN ANALYSIS
Preparation of total RNA from the top section of 10-day-old maize
seedlings grown in the light quality system as described above was
performed as established earlier (Fey et al., 2005b). 10 μg of total
RNAwere separatedon a 1%denaturing agarose gel containing 7%
formaldehyde, transferred to a nylon membrane and hybridized to
a probe directed against a highly conserved sequence in the psaA
gene (encoding the apoprotein of PSI) of Arabidopsis following
established standard protocols (Sambrook et al., 1989).
PHOSPHORYLATION STATE OF LHCII
Fresh leaf tissue of differentially grown plants was homogenized
using a Waring® blender in ice cold homogenization buffer (HB;
50 mM HEPES-KOH, 0.33 M sorbitol, 10 mM KCl, 5 mM MgCl2,
10 mM NaF) at 4◦C. Chloroplasts were recovered by centrifu-
gation for 2 min at 2000 × g. Total chloroplast protein extracts
containing 20 μg Chl were solubilized for 10 min in 40 μl buffer
containing β-dodecyl-maltoside (BDM) at a ﬁnal concentration
of 1%. Proteins were denatured with 40 mM DTT, 2% SDS,
4% glycerol, and 150 mM Tris–HCL pH 6.8 for 10 min and
subjected to SDS-PAGE using a 12% gel. The gel was either
stained with colloidal Coomassie following manufacturer’s rec-
ommendations (Roth, Karlsruhe, Germany) or used for western
analysis. The stained gel was scanned with a LI-COR Odyssey
infrared laser scanner at 700 nm to detect the dye ﬂuorescence
and protein loading was determined by quantiﬁcation of ﬂuo-
rescence signals. Calculations of relative protein amounts were
done with LI-COR Odyssey2.1 software (median background cor-
rection). For immunoblot analysis gels were electro-transferred
to a polyvinylidene diﬂuoride (PVDF) membrane (Roti-PVDF,
Roth, Karlsruhe, Germany) and de-stained according to cur-
rent protocols (Wittig et al., 2006). Phosphorylated proteins were
detected with a polyclonal primary anti-phosphothreonine anti-
body (Cell Signaling Technology Inc., Danvers, MA, USA) and
a ﬂuorophore-coupled secondary antibody IRD800-anti-rabbit
(Rockland Immunochemicals Inc., Gilbertsville, PA, USA). For
testing phosphorylation state of ﬁeld material the harvested leaves
were frozen on dry ice directly at the site of harvest to avoid any
change in phosphorylation during transportation. Total leaf pro-
tein extracts were isolated according to Pfalz et al. (2009) and used
for immune-western analysis with anti-phosphothreonine anti-
bodies as described above with the exception that the detection
was performed with enhanced chemiluminescence (ECL). Sam-
ples collected from lab growth chamber-grown plants were treated
in an identical manner to allow direct comparison.
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APPENDIX
FIGUREA1 | Kinetic changes of Chi a/b ratio in defined segments of
maize seedlings acclimated to different light qualities. Growth light
conditions are given in the right margins. Plants under PSI-light were
shifted to PSII-light and vice versa and harvested at indicated time points
after the shift and compared to non-shifted controls. Data represent at least
three independent biological replicates, standard deviation is given.
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